Brock AA, Friedman RM, Fan RH, Roe AW. Optical imaging of cortical networks via intracortical microstimulation. J Neurophysiol 110: 2670 -2678. First published September 11, 2013 doi:10.1152/jn.00879.2012.-Understanding cortical organization is key to understanding brain function. Distinct neural networks underlie the functional organization of the cerebral cortex; however, little is known about how different nodes in the cortical network interact during perceptual processing and motor behavior. To study cortical network function we examined whether the optical imaging of intrinsic signals (OIS) reveals the functional patterns of activity evoked by electrical cortical microstimulation. We examined the effects of current amplitude, train duration, and depth of cortical stimulation on the hemodynamic response to electrical microstimulation (250-Hz train, 0.4-ms pulse duration) in anesthetized New World monkey somatosensory cortex. Electrical stimulation elicited a restricted cortical response that varied according to stimulation parameters and electrode depth. Higher currents of stimulation recruited more areas of cortex than smaller currents. The largest cortical responses were seen when stimulation was delivered around cortical layer 4. Distinct local patches of activation, highly suggestive of local projections, around the site of stimulation were observed at different depths of stimulation. Thus we find that specific electrical stimulation parameters can elicit activation of single cortical columns and their associated columnar networks, reminiscent of anatomically labeled networks. This novel functional tract tracing method will open new avenues for investigating relationships of local cortical organization. intrinsic signal optical imaging; electrical microstimulation PRIMATE CEREBRAL CORTEX is composed of a collection of cortical columns. These columns are 100-to 250-m-sized processing units that are interconnected to form distinct stimulusspecific processing networks. With this organization, the cerebral cortex is able to process information in parallel, perhaps best exemplified by the anatomical and functional organization found within visual cortical areas (see, e.g., Hubel 1984a, 1984b; Ts'o and Gilbert 1988). Anatomical and electrophysiological connectivity studies in V1 and V2 have revealed separate networks strongly associated with color processing (in the blobs in V1 and thin stripes in V2) and orientation selectivity (in the interblob regions and thick/pale stripes), respectively. Ongoing research is still revealing how these feature-specific networks generate the perception of the visual world.
PRIMATE CEREBRAL CORTEX is composed of a collection of cortical columns. These columns are 100-to 250-m-sized processing units that are interconnected to form distinct stimulusspecific processing networks. With this organization, the cerebral cortex is able to process information in parallel, perhaps best exemplified by the anatomical and functional organization found within visual cortical areas (see, e.g., Hubel 1984a, 1984b; Ts'o and Gilbert 1988) . Anatomical and electrophysiological connectivity studies in V1 and V2 have revealed separate networks strongly associated with color processing (in the blobs in V1 and thin stripes in V2) and orientation selectivity (in the interblob regions and thick/pale stripes), respectively. Ongoing research is still revealing how these feature-specific networks generate the perception of the visual world.
Electrical stimulation, in particular intracortical microstimulation, has been used to map cortical organization, distinguish functional relationships between cortical areas, and activate circuits in a manner similar to that of a natural stimulus (Moeller et al. 2008; Stepniewska et al. , 2011 Tolias et al. 2005) . Importantly, electrical stimulation has been shown to generate or alter normal percepts and behaviors in many species, including human and nonhuman primates (Graziano et al. 2005; Murphey and Maunsell 2007; Romo et al. 2000; Salzman et al. 1990; Tehovnik and Slocum 2009) . However, the relationship between circuits and behaviors activated by electrical stimulation remains poorly understood. This is partially due to the lack of a detailed map or a complete understanding of the local and interareal areas activated, modulated, or inhibited with intracortical microstimulaton or during cognition (Bullmore and Sporns 2009) .
Toward the goal of understanding circuits underlying behavior, we visualize cortical activity by using optical imaging methods (Roe 2004) . Optical imaging of intrinsic signals (OIS) measures changes in the concentration of deoxygenated hemoglobin in local capillaries that are correlated with local neuronal activation (Bonhoeffer and Grinvald 1996) . Intrinsic images are able to show functional relationships of spatially distinct populations of neurons and have been used to study functional and modular organization in various sensory cortices ). Specifically, OIS has defined the specific functions of the cytochrome oxidase staining patterns in primate V1 and V2 (Lu and Roe 2008) and revealed functional responses of primary somatosensory cortical areas (Chen et al. 2003 (Chen et al. , 2009 Friedman et al. 2004; Tommerdahl et al. 2002) . While OIS successfully maps the global functions of cortical areas, it only rarely has been used in the study of the local activation and inactivation between cortical columns during perception (Sawaguchi 1994; Toth et al. 1996) .
This study aims to show that the pattern of local areas activated by intracortical microstimulation can be revealed through the use of OIS. Cortical responses to natural and electrical stimulation in anesthetized primates are compared. By varying stimulation parameters, we show that different stimulation conditions affect local activation patterns of cortical activity. Depending on the stimulation parameters, projection areas, activated by intracortical microstimulation, could also be visualized, showing that cortical microstimulation along with OIS can be used as an in vivo functional tract tracing method that permits the visualization of local connections.
MATERIALS AND METHODS

Surgical Procedures
Squirrel monkeys (n ϭ 4) and a prosimian galago (n ϭ 1) were sedated with ketamine (10 mg/kg), anesthetized with isoflurane, and artificially ventilated. Animals were placed on a heating blanket, secured in a stereotaxic frame, and monitored continuously for endtidal CO 2 , heart rate, temperature, and respiratory function. Implanted wire electroencephalographic electrodes were used to assess anesthetic depth. Craniotomy and durotomy were performed to expose somatosensory and motor cortex. The brain was stabilized with 4% agar. To perform optical imaging with electrical stimulation, we removed the cover glass, positioned the electrode at an angle into the desired site, and replaced a cover glass immediately next to the electrode and over the area to be imaged. Images were then obtained through the cover glass. All procedures were conducted in accordance with National Institutes of Health guidelines and were approved by the Vanderbilt University Animal Care and Use Committee.
Somatosensory Stimuli
The contralateral forearm and hand were shaved and secured outstretched in a supine position. Two-millimeter-diameter probes attached to piezoceramic benders (Noliac North America, Alpharetta, GA) were placed with a slight indentation on the palmar side of a distal phalanx of one or many digits. Tactile stimulation consisted of a train of pulses delivered at 8 Hz lasting for 3 s, with each pulse having a displacement of 250 m and lasting 20 ms.
Electrical Stimuli
After positioning, a microdrive was used to lower a 0.9-to 1.5-M⍀ Parylene C-coated tungsten microelectrode (Micro Probe, Gaithersburg, MD) through the agar and penetrate cortex. The electrode was inserted 100 -1,500 m into cortex. Cortex was stimulated with a train of biphasic pulses (250 Hz, 0.4-ms pulse duration) that varied in current amplitude (10 -300 A) and pulse number (1, 13, 26, 63 pulses or 0.4, 50, 100, 250 ms). These ranges of stimulation parameters were based on prior functional intracortical microstimulation studies (cf. Graziano et al. 2002; Stepniewska et al. 2011; Tolias et al. 2005) .
Estimation of cortical depth. We estimated the angle of electrode penetration from the cortical surface with a protractor. We observed very carefully, both visually and by listening to an audio monitor, the moment when the electrode entered the cortex; there is very little dimpling, as we use very fine-tipped microelectrodes. Thus we were confident to within 100 m of the recorded depth. We estimated the vertical depth of the electrode based on the traverse along the electrode penetration multiplied by the sine of the electrode angle. Depths reported in this study were estimated vertical depths.
Electrode impedance. We used tungsten microelectrodes with impedances of ϳ1 M⍀. We evaluated electrode impedances after the procedure, and, in most cases, impedances were within the initial range. If significantly lower impedances were obtained, these electrodes were discarded.
Optical Imaging
Images of light reflectance, or the intrinsic hemodynamic signal, were obtained through a CCD video camera (504 ϫ 504 pixels, 7 ϫ 7-mm field of view) connected to an imaging system (Imager 3001, Optical Imaging). Cortex was illuminated with red light (632 nm) for signal acquisition and green light (578 nm) to record vessel maps. Signal-to-noise ratio was improved by averaging 20 -50 trials. Images were collected for 4 s at a frame rate of 5 Hz and an interstimulus interval of 5-8 s. A prestimulus period of 300 ms (1.5 frames) was included in each trial of image acquisitions. Stimuli were presented in a block format in a randomly selected order.
Imaging Analysis
Images were first frame subtracted using the first frame of each trial. Single stimulus condition maps were constructed according to dR/R ϭ (F X-Y Ϫ F 1 )/F 1 , where dR/R is the percent reflectance change, F X-Y is the average raw reflectance in frames X-Y, and F 1 is the raw reflectance in the first frame. The gray value of each pixel represents the change in light reflectance relative to prestimulus baseline. In the image maps, dark pixels represent stimulus-induced signal change, since with 630-nm light an increase in cortical activity leads to an initial decrease in reflectance (Ϫ0.01% to Ϫ0.2%). A low-pass mean filter (pixel size 8) and a high-pass median filter (pixel size 115-125) were applied to all images. For presentation purposes, images were clipped with an intensity range of 0.02-0.05% or Ϯ1-2 standard deviations from the median. Time courses were calculated for regions of interest (ROIs) to characterize how the hemodynamic signal changed over time. ROIs of diameter 10 pixels (140 m) were manually selected. All images and time courses were generated with custom software written in MATLAB (MathWorks, Natick, MA). A two-tailed t-test was used to compare the response between two stimulus conditions, most often between one stimulus condition and the blank.
RESULTS
Our purpose in this study was to examine general usefulness of this approach and to explore effective stimulus parameters. We conducted experiments in four squirrel monkeys and one galago in somatosensory cortical areas 3b (n ϭ 6), 1 (n ϭ 1), and 3a (n ϭ 1). In all, there were a total of six imaging procedures and eight electrode penetrations in these animals.
Electrical Microstimulation Elicits Imaged Response Similar to Sensory Stimulation
We examined whether electrical microstimulation produces cortical reflectance changes measurable by OIS and whether the resulting intrinsic optical signal is similar to that elicited by natural sensory stimulation. Figure 1A illustrates cortical activation in area 3b of squirrel monkey in response to tactile stimulation of a single digit (D3, field of view shown in Fig.  1B) . Consistent with previous studies (Chen et al. 2001; Friedman et al. 2004) , optical imaging revealed single millimetersized activations in area 3b and area 1. As expected, the location of this activation remained constant throughout the 3-to 4-s period of intrinsic signal response ( Fig. 1A ; frames at 0.4, 1.4, 2.4, and 3.4 s) and the time course of this response peaked at ϳ2-3 s after stimulation (Fig. 1E) .
In comparison, electrical microstimulation in area 3b (stimulation location and field of view shown in Fig. 1B ) produced a single focus of activation (Fig. 1C) . The stimulus, provided at a cortical depth of 800 m, consisted of 25-A, 0.4-ms biphasic pulses presented at a rate of 250 Hz for 100 ms (26 pulses). While somewhat larger in size, electrical stimulation resulted in a time course of activation that still peaked between 2 and 3 s (Fig. 1, C and E) . The time course of optical response was greatest at the electrode tip location (Fig. 1 , D and E), was slightly smaller 0.5 mm away, smaller yet at 0.75 mm and 1 mm away, and negligible at very distant locations. This decline with distance is plotted in Fig. 1F and illustrates the focal nature of response to electrical microstimulation. Thus the local response to microelectrode stimulation displayed typical intrinsic signal time courses (peaking around 2-3 s with peak amplitude changes ranging between 0.01% and 0.2%) that were broadly comparable to the focal responses observed with natural tactile stimulation (cf. Chen et al. 2001 Chen et al. , 2003 Friedman et al. 2004 Friedman et al. , 2008 .
Effect of Electrical Microstimulation is Intensity Dependent
In initial experiments, as we were uncertain what stimulation levels would be effective, we explored a large range of parameters. We subsequently narrowed down the effective parameter space and then systemically presented currents ranging from 10 to 200 A, train durations of 50, 100, and 250 ms (13, 26, and 63 pulses), and cortical depth of stimulation ranging from 100 to 1,500 m (in steps of either 200 or 400 m). We did not systematically vary pulse polarity, waveform shape, electrode impedance, or train rate; we chose instead to hold those parameters fixed at settings commonly used in other cortical microstimulation studies. To activate only the site of stimulation, lower levels (50 A or less) were needed (Figs. 1 and 3). To activate local connections, higher levels were required (e.g., 200 A in Fig. 4) .
We found that the magnitude of the cortical response was dependent on the intensity of electrical stimulation. We varied intensity by changing either the electrical current amplitude or the stimulus duration. In six experiments, we tested current amplitudes ranging from 10 to 300 A. A typical case is shown in Fig. 2A . The reflectance time courses for different current amplitudes produced typical intrinsic signal time courses that peaked around 2 s and reached a magnitude of roughly 0.1-0.2% ( Fig. 2A , left; response from ROI 1 in Fig. 4B ). As current amplitude was increased (from 0 A to 100 A to 150 A to 200 A; pulse duration 100 ms, 26 pulses, depth of stimulation 900 m), reflectance change magnitudes increased. This relationship for peak response magnitude is plotted in Fig. 2A , right.
Similar dependence was seen for increasing stimulus duration.
In four experiments, we tested three stimulus train durations: 50 ms, 100 ms, and 250 ms (13, 26, 63 pulses, respectively). Again, the reflectance time courses for different stimulus durations produced typical intrinsic signal time courses that peaked around 2 s and reached a magnitude of roughly 0.1-0.2% (Fig. 2B, left) . We observed that increasing stimulus duration from 0 ms to 50 ms to 100 ms to 250 ms (number of pulses from 0 to 13 to 26 to 63, pulse amplitude constant at 150 A) increased the magnitude of the intrinsic response (Fig. 2B,  right) .
In all cases, an enhanced hemodynamic response was evoked by increasing stimulus intensity, obtained by increasing either current level or duration of stimulation (number of stimulating pulses). Although we did not comprehensively evaluate the parameter space, we found that in the anesthetized animal 15 A was the lowest stimulus amplitude that elicited a detectable intrinsic response.
Effect of Electrical Microstimulation is Dependent on Laminar Location of Stimulation
Within cerebral cortex, each cortical layer differs with respect to its laminar composition and circuitry (Mountcastle 1998) . In six cases, we investigated how the imaged cortical response recorded at the surface was affected by the layer of stimulation. We estimated cortical depth based on the distance along the electrode traverse and the angle of the penetration relative to the cortical surface. We also examined whether different layers are differentially sensitive to stimulation intensity levels.
As shown in Fig. 3 , we examined the effect of electrical stimulation in superficial (345 m, 520 m), middle (690 m, This depth-dependent relationship is plotted in Fig. 3D . By inferring approximate laminar location from recorded depths, stimulation in the superficial (presumed layers 2/3) and deepest (presumed layer 6) layers produced smaller reflectance changes and stimulation in the intermediate layers (presumed layers 4 and 5) elicited maximal reflectance change. We consistently observed across cases that activation was dependent on the depth of stimulation and that the largest cortical responses were seen when stimulation was delivered at intermediate depths.
Electrical Microstimulation Reveals Local Tangential Circuitry
Previous studies have shown that focal injections of anatomical tracers reveal connections with focal patches nearby (e.g., Malach et al. 1993 ) and that such connectivity is functionally specific (e.g., Ts'o and Gilbert 1988). Moreover, superficial and deep lamina exhibit different patterns and extents of lateral connectivity (e.g., Lund et al. 1993) . To examine whether electrical microstimulation can reveal such local circuits, we conducted optical imaging of cortical response during microstimulation at functionally identified locations and at different laminar depths.
Intra-areal connections at locations distant from the site of electrical stimulation were evident in the OIS maps. In nearly half of our cases (n ϭ 5) we observed patches of activation that were distinct from the site of stimulation. In the first case shown in Fig. 4, A and B , an electrode was inserted slightly anterior to area 3b, presumably in area 3a based on our standard optical imaging and electrophysiological mapping methods (e.g., Chen et al. 2003 , Friedman et al. 2004 ). Cortex was stimulated at different depths for 250 ms (63 pulses) at 200 A. While stimulation at the surface of cortex (100 m) did not elicit any apparent activation (Fig. 4A, first panel) , at depths of 350 m and beyond (Fig. 4A , second through fifth panels) patchy activation was observed at locations immediately surrounding the electrode and at locations distant to the site of electrical stimulation. Distinct patchy activations were most apparent with stimulation in the deeper layers (900 m and 1,200 m depths). Three such patches are indicated by red arrows in the fifth panel in Fig. 4A (1,200 m) .
To further evaluate the specificity of these activations, we examined the time course of response of these patches as a function of depth. As shown in Fig. 4B , we examined three patches of activation, one near the focus of stimulation (ROI 1) and two at more distant locations (ROIs 2 and 3) , and one patch at a nonactivated control location (ROI 4). At ROI 1 (close to the stimulation site), stimulation at different depths revealed different response magnitudes. As shown in Fig. 4B1 , consistent with results from Fig. 3 Activations at locations 2 and 3 were smaller in amplitude (Fig. 4B, 2 and 3) . At location 2 responses were weaker and less affected by the depth of stimulation. In contrast, stimulation at location 3 revealed robust activation with deep layer stimulation (900 m, 1,200 m) and weaker activation with superficial layer stimulation (350 m, 650 m). While stimulation of superficial and deep lamina did not exhibit distinctly different patterns of lateral connectivity, we did observe that the depth dependence for activation differs between patches. We note that patchy connectivity patterns have not been commonly reported for area 3a (Huffman and Krubitzer 2001) .
In the second case shown in Fig. 4 , C and D, an electrode was inserted into the D4 digit representation of area 1. The dotted line in Fig. 4D shows the area 3b-area 1 border as determined by optical imaging and electrophysiological maps. Cortex was stimulated at a depth of 600 m for 250 ms (63 pulses) at 20, 50, and 100 A. While stimulation at 20 A did not elicit any apparent activation (Fig. 4C, second panel) , patchy activation was observed with 50 and 100 A. At 50 A, activation was located immediately surrounding the electrode and at a distant site in area 3b; at 100 A additional patches of activations were apparent. We note that anatomically there is strong reciprocal connectivity between area 1 and area 3b (Shanks et al. 1985) .
To further evaluate the specificity of these activations, we examined the time course of response of these patches as a function of current intensity (Fig. 4D) . We examined three patches of activation, one near the focus of stimulation (ROI 1) and two at distant locations (ROIs 2 and 3), and one patch at a nonactivated control location (ROI 4). At ROI 1 (close to the stimulation site), stimulation at different intensities revealed different response magnitudes. As shown in Fig. 4D1 , consistent with results from Fig. 2 , the largest responses (up to 0.3% reflectance change) were obtained with greater stimulation intensities. Activations at locations 2 and 3 were smaller in amplitude (Fig. 4D, 2 and 3) . At location 2 in area 3b, responses were less affected by the intensity of stimulation. In contrast, stimulation at location 3 revealed an intensity response relationship similar to location 1. Thus different patches of activation showed distinct intensity response profiles without necessarily exhibiting different patterns of lateral connectivity. These lateral patterns of activity suggest that cortical microstimulation along with OIS can visualize local connections and can potentially be used as an in vivo functional tract tracing method.
DISCUSSION
We have shown that microelectrode stimulation of primate cortex has the ability to elicit hemodynamic responses detectable by intrinsic signal optical imaging. Activation intensity and the number of possible activation sites increased with increasing current amplitude and duration, allowing for visualization of graded responses. Along with stimulation parameters, depth of stimulation affected the size, shape, and pattern of cortical activation. As revealed by OIS, electrical stimulation showed projection specificity by activating areas spatially separate from the response surrounding the electrode.
The primary power of this approach is its use as a functional tract tracing method that reveals circuitry at a columnar scale. To develop this method, we present groundwork in which we establish that 1) the response to electrical microstimulation can be detected with optical imaging methods, 2) there is a systematic intensity dependence, 3) there is a laminar dependence, and 4) this approach can reveal patterns of local intra-areal connectivity. No previous study has demonstrated these points.
The Hemodynamic Response and Neural Activity
The hemodynamic response is an indirect consequence of neural activity. The linkage is that increased neural activity requires increased metabolic activity that leads to an increased demand for oxygen. Consequently there is a local increase in deoxyhemoglobin in the microvasculature followed by a rebound in the amount of oxyhemoglobin and increased blood flow. Multiple lines of research are actively trying to determine the precise mechanisms leading to these series of events, such as the role of neurotransmitters (Choi et al. 2006; Pál et al. 2013; Radhakrishnan et al. 2011) , astrocytes (Gurden 2013; Winship et al. 2007) , and the types of neural activity (e.g., preor postsynaptic; Devor et al. 2005 ) that lead to hemodynamic changes. In our use of intrinsic optical imaging to investigate the neural response to cortical microstimulation, it is likely that the signal we are measuring is a combination of the direct and indirect activation of neurons and astrocytes.
On the basis of the characteristics of the hemodynamic response we measured, we believe that the signal is mostly reflecting the neural activity evoked by the microstimulation. The focal nature of the signals we measured when stimulating primary somatosensory cortex is comparable to the size of activations we observe with stimulation of the skin (Chen et al. 2001 (Chen et al. , 2003 Friedman et al. 2004 Friedman et al. , 2008 . Studies that have examined the direct spatial correspondence between neural activity and hemodynamic responses have generally found a strong correlation. While the hemodynamic response can be more diffuse than the underlying neural activity, measures in primate visual cortex of the hemodynamic point spread function for the component we measure, the initial dip, parallel those observed with voltage-sensitive dyes (Grinvald et al. 1994; Seidemann et al. 2002; Sirotin et al. 2009 ). These findings lend confidence that our OIS maps reveal the neural activity induced by microstimulation.
Our intent was not to try to reproduce the exact cortical effect of natural stimulation using electrical stimulation (like Romo et al. 2000) . It is, however, interesting to note that Chen and Tehovnik in their 2007 paper described how electrical stimulation produced eye and head movement indistinguishable from natural gaze shifts albeit through different pathways.
Innovative Methodology
This suggests that optical imaging of direct cortical microstimulation might reveal the same cortical networks as those activated with natural stimuli.
Local Activation
Because of the heterogeneity of cortex, electrical microstimulation can have different overall effects on the activity of neuronal populations. On biophysical grounds, the sphere of electrical current around the electrode activates neurons within that sphere, and as the current amplitude increases, the sphere size increases (Tehovnik et al. 2006 ). This biophysical approach is the basis for the numerous excitability constant determinations found in the literature (Tehovnik et al. 2004 ). Another explanation (Histed et al. 2009) proposes that an electrical stimulus elicits a response only in a small proportion of cells in the sphere of current, and increasing the current increases the proportion of cells that respond within the activated area.
Viewing our results in light of the first hypothesis, the effective current spread around an electrode tip (in mm) can be described by (I/K) 1/2 , where I is the current amplitude (A) and K is the excitability constant (A/mm 2 ). Excitability constants for individual cells in primate cortex can range from 300 A/mm 2 in large myelinated neurons to 27,000 A/mm 2 for small unmyelinated neurons (Tehovnik et al. 2006) . Tehovnik et al. (2004) calculated an average excitability constant for V1 to be 675 A/mm 2 . Assuming an excitability constant between that of V1 and the minimum excitability constant, the expected distance of current spread from the electrode for 15, 25, 50, and 300 A, respectively, would be between 0.15 and 0.22 mm, 0.19 and 0.28 mm, 0.27 and 0.41 mm, and 0.67 and 1.0 mm. When considered with respect to the size of cortical columns (200 m) the current spread for 15 and 25 A has the potential to directly activate only one column.
We repeatedly observed a local intrinsic cortical response spreading farther than predicted from the electrode tip through current spread alone. This was likely due to activity spread through local horizontal connections (Juliano et al. 1990 ). It was possible that the current passed from the electrode activated a sparse population of neurons directly surrounding the electrode. The larger area of activity we observed could be a result of neural responses due to their axons passing into the area of current spread, where evoked action potentials travel in a retrograde manner toward the cell body, activating the cell. We also must consider the possibility that axonal projections to secondary response areas travel near the site of stimulation and thus are directly activated. Histed et al. (2009) did not report seeing more than one activation area in their experiments; this may be due to their low current amplitude (Ͻ10 A in the majority of their experiments) and their limited field of view (typically Ͻ300 m). However, we did not observe a sporadic activation that one would expect if all axons of a particular region of cortex were activated; instead, patterns of activation were relatively consistent at different depths of cortical stimulation.
Distal Activation
fMRI studies have found cortical response areas spatially distant from a stimulating electrode (Moeller et al. 2008; Tolias et al. 2005) . Our findings are similar to those of Logothetis et al. (2010) , who reported that the areas directly surrounding the electrode and one synapse away showed increased activity while cortical areas two synapses away showed decreased activity. The inhibition reported in those studies might account for the limited OIS response we observed.
Our finding that electrical microstimulation can elicit activation of single cortical columns and their associated columnar networks is highly reminiscent of the cortical networks revealed with classical anatomical methods (Lund et al. 1993; Shanks et al. 1985) . Being able to visualize these networks in vivo at such a high spatial resolution has the potential of revealing local cortical circuits, that is, the detailed maps of the local and interareal areas activated, modulated, or inhibited with intracortical microstimulaton (Bullmore and Sporns 2009) . Moreover, if conducted in behaving animals, effects of microstimulation on behavior (e.g., Chen and Tehovnik 2007; Romo et al. 2000; Salzman et al. 1990 ) could be correlated with activated circuits, thereby opening new avenues for investigating relationships of local cortical organization to behavior and cognition.
Effects of Stimulation Parameters
Our microstimulation parameters [250 Hz, 10 -300 A, 13-63 pulses (50 -250 ms)] fall within the range of parameters seen in the literature. MRI studies appear to use the largest stimulation parameters, regularly using Ͼ800 A, 100 Hz, and 4-s duration (Logothetis et al. 2010; Moeller et al. 2008; Tolias et al. 2005) . Studies that use electrical stimulation to evoke complex motor movements use less, with typical values being 300 Hz, 500 ms, and amplitudes ranging from 10 to 300 A depending on cortical area (Bruce et al. 1985; Graziano et al. 2002; Thier and Andersen 1998) . Finally, awake behaving studies have found current detection thresholds to be around 10 A, or less with training, when intracortical microstimulation is applied to sensory cortices (Medina et al. 2012; Murphey and Maunsell 2007; Ni and Maunsell 2010; O'Doherty et al. 2009; Salzman et al. 1990 ; for reviews, see Clark et al. 2011; Histed et al. 2013 ). For the parameters tested, cortical activation was dependent on both the current amplitude of a single pulse and the number of pulses. Responses measured by OIS at the cortical surface were obtained by stimulating at various depths, where, in general, we observed the greatest area of local activity when stimulating in middle layers. Whether the range of optimal parameters is specific to different cortical areas will require further studies.
Effect of Depth of Cortical Stimulation
Primate cortex is divided into six layers. Generally, layer 4 receives its primary input from the thalamus, while the superficial layers project to other nearby areas of cortex and deeper layers project to subcortical targets (Douglas and Martin 2004; Thomson and Bannister 2003) . Interconnected areas of cortex contain feedforward and feedback connections. Feedforward connections typically originate in layer 3 and terminate in layer 4, while feedback connections originate in layers 5 and 6 and terminate in layers 2/3 and 6. This segregation of function may shed light on the reasons why stimulation at different depths, or cortical layers, elicits a different response that is measureable on the surface.
Innovative Methodology
We observed a maximum response to stimulation when the electrode was positioned near layer 4, a cortical depth that contains the cell bodies and dendrites of excitatory interneurons. Since layer 4 is the primary layer responsible for communication of information to other layers in the cortical column, we expected that we would see strong response associated with stimulation of this layer. However, previous studies have shown that stimulation of layer 5 in motor and prefrontal areas produces strong effects. This observation is also consistent with our results showing the strongest effects below layer 2/3 and above layer 6. It should be noted that some of our results relating to the depth of stimulation might be specific to primate primary somatosensory cortex and not universal for all areas of cortex.
One might expect that stimulation within a single layer should activate all layers within a column, via, for example, activation of neurons and their apical dendrites. The fact that we obtain strong response in the stimulated column across layers is consistent with this expectation. However, the fact that we observe different effects across layers (different magnitudes of response both at the site of stimulation and in local patches away from the stimulation site) suggests that there is some laminar specificity with respect to electrical microstimulation. This could be attributed to many aspects of laminar specificity, including differential cytoarchitecture or myeloarchitecture (Brodmann 1909; Rockel et al. 1980) , different laminar compositions that exhibit differential sensitivities to electrical stimulation (Histed et al. 2009; Schiller et al. 2011) , and different tangential laminar circuitries (Callaway 1998; Sincich and Blasdel 2001) . As well, there are documented laminar differences in energy demands. For example, in response to visual stimulation, neural circuits within layer 4 tend to consume more energy compared with other layers, reflecting laminar differences in glucose uptake (Tootell et al. 1988 ) and long-term changes in neuronal activity related to metabolic activity (Horton 1984; Wong-Riley 1979) . Different glial content and other microcircuitry differences may lead to laminadependent hemodynamic responses as well (Tian et al. 2010) .
Conclusions
Cortical electrode microstimulation, when paired with intrinsic single optical imaging, represents a new tool to study cortical functional organization and connectivity. This is the first study to demonstrate the possibility that this method may be used to reveal patchy intra-areal connections. An important impact of this study is that, when combined with behavior, it may directly identify specific circuits underlying sensorimotor behavior.
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